Automotive Research, Development and Engineering Center's (TARDEC's) four (4) axis strategy for integration of robotics into the legacy, interim and objective forces. At the cornerstone of this strategy is the R&D effort concentrating on autonomous perception and navigation, intelligent tactical behavior, command and control, and manrobot interface entailed in the Demo I11 and Robotic Follower programs. Smart Manned Systems will focus on a systems engineering approach for robotic solutions into the interim force (Vetronics Technology Testbed and Crew integration & Automation Testbed). In the near-term, application of robotics to the legacy force will be achieved through adapting commercial automation technologies, which address military requirements. Finally, Intelligent Mobility will investigate improving intrinsic platform mobility to lessen the burden on robotic sensing performance. The ultimate goal of this strategy is to advance the robotics technology state of the art to achieve offroad full autonomous operations for military systems in support of the objective force.
Introduction

U. S. Army Chief of Staff General Eric K.
Shinseki's vision is to transform the Army into a more strategically responsive force capable of domination across the entire spectrum of conflict. The centerpiece of this transformation will be the Future Combat Systems (FCS), which will be the most mobile, lethal and sustainable element in the Army's inventory. One of the six fundamental technology areas required to enable this vision is Robotics. The U. S . Army's vision for Ground Robotics is to develop and mature robust technology to enable intelligent, autonomous ground navigation for the Objective Force and Joint Service Missions. Robotics, in the form of Unmanned Ground Vehicle (UGV) technology, will provide huge pay-off benefits including enhanced deployability, increased survivability, reduced logistics burden and the possibilities for new tactical paradigms. The U. S. Army Tank Automotive Research, Development & Engineering Center (TARDEC) has implemented a near term, mid term and far term robotics technology integration strategy with the ultimate goal of achieving fully autonomous ground vehicle systems in support of the Army's Transformation. The four thrust areas will be discussed below, with particular emphasis on the Technology Development area, which is the cornerstone of the Integration Plan. Technology development is crucial in maturing robotic capabilities to the point where they become non-developmental (can be procured as an off-the-shelf (OTS) item such as a HMMWV or Javelin Missile). By having a near term focus, technology can be placed in the Users' hands as it becomes available, and upgraded incrementally as performance improves or new technologies become available. This evolutionary approach ensures User requirements are addressed in a timely fashion and lays the hooks for future deployment.
TARDEC Integration Strategy
Technology Development
The TARDEC Technology Development thrust seeks to advance the state-of-the-art in ground robotics to achieve off-road, fully autonomous operations for military systems. Development is concentrated in four research areas: autonomous perception and navigation, intelligent tactical behavior, command and control, and manrobot interface. Research is being conducted in these areas in the form of three funded programs: STO (2001 STO ( -2007 . This STO is purely a basic research effort aimed at advanced applications with a higher degree of autonomy. Semi-Autonomous Robotics (SAR) STO has four fundamental research areas: advanced perception for autonomous navigation, intelligent control architectures and tactical behaviors, human-robot interface, and modeling, simulation and experimentation. ARL will transition technology developed under SAR to the Robotic Follower ATD in the near term (2002) (2003) (2004) and directly to the FCS program in the 2005-2007 timeframe.
Demo III Experimental Unmanned Vehicle (XUV) Overview
Planning for future military capabilities assumes the availability of highly mobile, agile, rapidly deployable forces. Incorporation of robotic systems into future force structures to reduce casualties, increase tactical reach, counter battle fatigue, and reduce logistics burdens for rapid reaction forces offers one potential pathway for achieving this goal. The Demo I11 Experimental Unmanned Vehicle (XUV) Program is designed to advance and demonstrate the technology required to develop future unmanned ground combat vehicles through three major thrusts: (1) concerted technology development; (2) modeling, simulation and experimentation; and ( 3 ) technology integration and evaluation with users. Demo I11 focuses on demonstration of technology that will enable the development of small, highly agile, unmanned vehicles capable of off-road, semi-autonomous operation at speeds of up to 32 h / h r during daylight and 16 h / h r at night by summer 200 1.
The primary goal of Demo I11 is to develop and demonstrate technology required for a small, survivable mobile robot capable of autonomous operation over rugged terrain. The robot must also be capable of operating as part of a mixed military force, containing both unmanned and manned vehicles. Semi-autonomy, in this context, can be described as supervisory control of the vehicle by an operator, in which the operator sets goals for the vehicle to attain (e.g., drive to a designated map coordinate) and the vehicle then autonomously maneuvers to achieve those goals. There is, however, ultimately a man in the loop who can intervene if the vehicle encounters situations too complex for on-board solution or if it is necessary to modify the mission. In addition, the X W s developed under this program, while essentially laboratory test-beds, must be sufficiently rugged to participate in a six month user appraisal that will be conducted by the UGV/S JPO in FY 2002. Demo I11 was structured to demonstrate incremental performance capability through three annual Battle Lab Warfighting Experiments named Demo Alpha, Demo Bravo and Demo I11 (in 1999 ,2000 , and 2001 .
In January 1998, TARDEC awarded a contract to a contractor team led by Robotic Systems Technology (RST) to develop four Demo I11 XUVs. To meet the aggressive schedule set for the Demo I11 effort, the contractor team proposed to modify the current Mobile Detection Assessment Response System-Exterior (MDARS-E) chassis, recently developed for the U.S. Army Physical Security Equipment Management Office (PSEMO). The MDARS-E was modified by lengthening the chassis, installing a larger engine, increasing the size of the wheels, and modifying the suspension system to enable it to meet the chassis mobility required by the program. be able to climb 60% grades, maneuver on 40% side slopes, operate at speeds up to 64 kph on road and 32 kph off road, possess a turning radius less than 4.6 m, and be able to negotiate a 0.3 m step. The X W houses a 78 hp VW diesel engine and weighs about 3300 pounds. The hydrostatic drive system was retained as an important feature of the vehicle system. This provides a simplified actuation of brake and throttle functionality through a single control and offers the added safety feature of normal hydraulic braking resistance when the engine is shut down.
for mobility. These include dayhight stereo vision, a scanning laser range-finder, and two radar systems, a 4 GHz radar to penetrate vegetation and a 77 GHz radar for imaging obstacles at longer ranges. Trafficability will be examined using both multi-spectral and polarizing imagers to help differentiate between classes of obstacles such as vegetation, pavement, soil, rocks, etc. Additional small ultrasonic sensors will also be employed for close-in safeguarding functions.
A key feature of the XUV is the modular mission package that enables a single class of vehicles to conduct multiple military missions. A RSTA module will be delivered with each vehicle, but a series of novel design provisions will permit field reconfiguration of the system to other mission packages. The current RSTA mission package employs an off-the-shelf sensor suite consisting of a TV camera, a high resolution, fonvard-looking infrared (FLIR) sensor, and a laser rangefinder/designator mounted on a stabilized platform. These sensors are augmented by an array of acoustic sensors for cueing. Processing algorithms for both acoustic and visual sensors have been leveraged from other related ongoing programs being supported by the military. The RSTA package has not yet been able to meet the performance goals identified by the Mounted Maneuver Battle Lab (MMBL) for the scout mission. These performance goals are: detection of The mobility requirements call for the XUV to The XUV employs a wide variety of sensors tank sized targets at 6 km and dismounted soldiers at 2 km when the XUV is stationary and detection of vehicles at 1.5 km when the X W is in motion.
To date, Demo I11 has demonstrated robust semi-autonomous operation over rugged terrain as part of a mixed military force. Most recently, Demo Bravo Battle Lab Warfighting Experiment was successfully completed in October 2000.
Demo Bravo employed two XUV's and one operator control unit (OCU) and was conducted by actual Army Scouts at a Fort Knox training area. The figure below (Figure 1) shows one of the XUVs performing a semi-autonomous maneuver at Fort Knox during Demo Bravo.
Demo Bravo achieved cross country speeds up to 25 kph. Missions were typically on the order of 1-2 km, which took about one hour to travel. Human intervention or emergency stops were frequent at times (roughly 4-6 interventionskm of travel dependent on the terrain). Demo I11 will occur October-November 200 1 at a site yet to be determined. Demo I11 will employ four X W ' s and two OCU's, and will demonstrate an impressive 35 kph while autonomously navigating over cross country terrain and performing the RSTA mission. 
Robotic Follower Advanced Technology Demonstrator (ATD) Overview
Mobile ground robotics is a key enabling technology for future land combat, combat support and combat service support systems. It will enable the creation of ensemble systems combining manned and unmanned elements that will permit decreases of system weight and volume to enhance deployability, remove soldiers from many system elements to increase survivability and project unmanned elements further forward into the battlespace to enhance situational awareness and lethality. It will provide a key element for "just-intime logistics," while helping to increase the Army's tooth-to-tail ratio, by reducing the number of soldiers required to conduct battlefield logistics. But, as noted by many expert panels, full attainment of this goal is still in the future.
Demonstration (ATD) is designed to speed the incorporation of robotics into the next generation of land systems through the coupling of advanced perception technology with human sensing and reasoning. This "jump-starty7 is accomplished by coupling one or more unmanned follower vehicles to a manned leader vehicle. Potential applications for this operational mode might include logistics vehicles or non-line-of-sight weapon platforms. In each instance the soldier operating the lead vehicle will naturally choose paths that avoid serious obstacles to forward mobility, use terrain to provide cover and concealment and avoid paths that would compromise RF communications capabilities, providing much of the intelligence required for subsequent autonomous unmanned follower vehicle mobility. The lead vehicle will automatically transmit its path to the unmanned follower vehicles, as a series of waypoints or closely spaced grid coordinates, over tactical command and control data networks. The followers, incorporating limited perceptual capabilities to detect any new obstacles, e.g., vehicles, civilians, or bomb craters, that have appeared since the passage of the leader will then follow the path defined by these "breadcrumbs," potentially with significant physical or temporal separation. This separation could extend to as much as a day later. Increasing the separation between leader and follower vehicles will, of course, place increasing perceptual and intelligence requirements upon the followers. The key technical
The Robotic Follower Advanced Technology achievement of this program will be the ability for unmanned vehicles to autonomously maneuver over terrain, without the necessity of a soldier "driving" the vehicle or requiring extensive mission preplanning. It will reduce the soldier's cognitive load and create unmanned systems that will be another tool in the soldier's kit bag. Of course, soldiers will still have the ability to take direct control of the vehicles, if it is necessary to modify its mission or if the dynamics of the battlefield significantly alter the terrain.
The Robotic Follower ATD has been structured to develop, integrate and demonstrate the technology required to rapidly incorporate this technology into future military systems for both mounted and dismounted warfare. It will conduct applied research and field experimentation to successively demonstrate a maturing autonomous mobility capability, placing primary emphasis upon the development and implementation of advanced perception algorithms required to rapidly detect and classify mobility obstacles. It will focus upon fusing information from multiple sensors to provide capabilities for operation during day, night, and limited visibility. It will integrate the technology on surrogate platforms to examine the relative maturity levels of component technologies. It will also focus upon increasing the robustness of the technology to insure its readiness for rapid transition into production programs.
During the program formulation process, technical goals were developed in conjunction with the Army Training and Doctrine Command (TRADOC) focusing upon four potential missions for the unmanned follower deemed critical to future military operations: non-line-of-sightheyond-lineof-sight weapons platforms, rear security for vehicle columns, supply operations, and a "mule" for dismounted troops. Each of these proposed missions places differing demands upon the system, in terms of vehicle speed, mobility and inherent intelligence. In support of dismounted troops, vehicles will typically maneuver at relatively low speeds, but require the ability to maneuver through highly complex terrain. During logistics operations, the vehicles may operate primarily on-road at high speed, but might initiate missions as much as 24 hours after the passage of the manned lead vehicle, . placing significant demands upon perception and intelligence capabilities. In April, 2003 the ATD will demonstrate an enhanced follower with the capability to maneuver on primary roads at speeds of up to 50kph and off-road at speeds of up to 30kph with a range of up to 160km. Perception capabilities will be improved to enable the vehicles to detect above ground plane obstacles as small as 0.3m high and below ground plane obstacles as narrow as 0.5m wide. The range of potential vehicle separation will be increased to between 20m and 2km, while the permissible time delay between passage of the manned leader and unmanned follower vehicle will be increased to 12 hours. At the same timed anticipated requirements for operator intervention will be reduced to 75% of the October, 2001 level. These capabilities will be demonstrated at a TRL of 5.
0 In April, 2004 the ATD will demonstrate an improved follower with the capability to maneuver on primary roads at speeds of up to 65kph. The range of potential vehicle separation will again increase to between 1 Om and 5km and the permissible time delay between leader and follower vehicles will increase to 24 hours. Significant emphasis will be placed upon increasing the maturity and reliability of software resulting in halving the October, 2001 requirement for operator intervention. These capabilities will be demonstrated at a TRL of 6 .
In October, 2005, the ATD will demonstrate its culminating capability through collaborative demonstrations to be conducted with the Future Combat Systems (FCS) contractors. At that juncture it is anticipated that the follower vehicle will be capable of maneuvering on primary roads with a top speed of between 8Okph and 1 OOkph and off-road at speeds of up to 65kph with a vehicle range between 300km and 750km. The range of potential vehicle separation will increase to between 5m and 10km, with the potential for further increase.
Again an increased focus upon vehicle intelligence and software reliability coupled with the inherent mobility characteristics of the FCS chassis is expected to reduce the requirement for operator intervention to once every 30 minutes, if not lower. These capabilities will be demonstrated at a TRL of 6.
To accelerate the pace of development, the ATD will use the Experimental Unmanned Vehicles (XUVs), developed under the Army/OSD Demo 111 program, as integration testbeds during the initial two phases (October, 2001 and April, 2003) . Since the XUV was not designed for high-speed mobility, modeling and simulation tools will be employed to demonstrate the extensibility of the technology to high-speed operation. Once these initial capabilities have been demonstrated through a combination of live experimentation and simulation, the technology will be integrated onto more mobile platforms that can demonstrate FCS-class mobility for further refinement and troop experimentation. At the conclusion of the ATD, the Army will have developed and demonstrated advanced robotics capabilities, ready for inclusion in the coming generation of military vehicle systems that will significantly enhance the capabilities of future forces.
Semi-Autonomous Robotics for Future Combat Systems Science and Technology Objective (STO) Overview
organization for the Semi-Autonomous Robotics STO. This STO was initiated in 2001 and continues through 2007. Its primary emphasis is technology development in four areas: advanced perception for autonomous mobility, intelligent control architectures and tactical behaviors, human-robot interface, and modeling, simulation and experimentation. This effort directly feeds technology into the TARDEC led Robotic Follower ATD. The advanced perception for autonomous mobility thrust will go beyond the performance levels achieved in the Demo 111 program. Specifically, this thrust area will deal with negotiating complex terrain at tactical speeds, complete terrain understanding to support tactical behaviors, and modular perception systems adaptable to multiple platforms and missions. The intelligent control architectures and tactical behavior thrust will focus on increased autonomy based upon commander's intent, tactical behaviors, adaptive reasoning based upon mission, terrain, opponents and friendly forces, and robot-soldier teams. Research in the area of soldier-robot interface will focus on network centric systems, where one soldier will have the ability to manage multiple heterogeneous systems. In addition, modular software, integratable into multiple tactical and service support systems will be developed. Finally, the thrust area in modeling, simulation and experimentation wi II couple engineering and constructive simulations to explore new technology options and develop behaviors, tactics, techniques and procedures. Full characterization of intelligent systems through extensive experimentation, both live and virtual, will help to validate engineering models and refine operational behaviors.
Smart Manned Systems
The U. S. Army Research Lab is the lead The second thrust in TARDEC's Robotic Technology Integration Strategy is Smart Manned Systems. The smart manned systems concept is based on a systems engineering approach to incorporate robotics solutions into the force by applying driving aids, advanced interfaces and other emebedded technologies to two testbeds, the Vetronics Technology Testbed and the Crew integration & Automation Testbed. The goal of these efforts is to optimize crew workload, allowing crews to more effectively perform their mission. 
Vetronics Technology Testbed (VTT)
Science
Crew integration & Automation Testbed
The VTT STO started in 1996 and ends this (CAT) Advanced Technology Demonstrator (ATD) Overview breakthroughs realized in the VTT effort. This ATD began in FYOO and will end in FY05 with a Warfighter Experiment. CAT will utilize the two crew station concept for indirect vision driving, however, a multitude of additional technologies will be added to aid the operators in performing their mission. One of the key technology areas is advanced interfaces, which includes speech recognition, 3-D audio, helmet mounted displays and head trackers. Another important feature of CAT is the integration of driving technologies, specifically the Demo 111 semi-autonomous driving suite and intelligent driving decision aids. Finally, embedded simulation will be implemented for embedded training, mission rehearsal, battlefield visualization, command coordination and after action review.
Commercial Intelligent Vehicles
CAT builds off lessons learned and technology
The Commercial Intelligent Vehicle thrust is focused on near term application of automation technologies to the manned vehicle fleet. TARDEC's strategy is an evolutionary development of automation on manned vehicles, first as an aid to the human, and finally, fully autonomous capability. Commercially developed systems have been added to existing vehicles to improve safety and reduce driver fatigue. Collision warning is an example of a commercially developed technology that has been modified to incorporate military requirements and added to several classes of long-haul, transportation vehicles. The logical progression is to move from simple warning to an evasive maneuver or actively braking the vehicle (collision avoidance). Headway control, or adaptive cruise control, has been demonstrated on several military vehicles and will be offered as an option on high end passenger cars next year. Vision based lane departure warning systems which use road geometries to predict if a vehicle is going to depart from its lane can be taken a step further to provide a road follower capability. With both lateral and longitudinal control capability, it is possible to build an 'auto pilot' for ground vehicles, the ultimate goal for manned vehicle driving automation.
Intelligent Mobility
The Intelligent Mobility program is a unique approach to utilize inherent mobility of a platform to minimize the burden on autonomous mobility sensors. A lighter, faster, more deployable objective force translates into smaller platforms.
Naturally, the size of a platform is directly proportional to the size of obstacle that platform can breach. It is imperative that innovative mobility technologies be developed to aid these smaller platforms in achieving tactical speeds. In regards to ground robotics, the perception suite has the responsibility for characterizing the terrain the vehicle is navigating through. If the platform has limited mobility, the perception suite must be able to detect obstacles and characterize the terrain at a much higher level of fidelity than if that same sensor suite was on a platform with a higher degree of mobility. It is on this premise that the Intelligent Mobility program is founded. Intelligent Mobility is an alternative to traditional brute force mobility. Technologies being investigated include omnidirectional drive wheel, vehicle articulation, modular locomotive systems, smart tire, active suspension and hybrid electric drive. The omnidirectional drive wheel is a multi-degree of freedom wheel that permits zero turning radius, active stabilization and load balancing. Two enabling breakthroughs are an actuated kingpin and a pivoting suspension arm. Vehicle to vehicle dynamic coupling, or articulation, uses the mobility of multiple platforms in a synergistic fashion.
Smart tire is basically an adaptive central tire inflation (CTI) system. Tire pressure is automatically adjusted in real time depending on the type of surface the vehicle is on. for example, if an equipped vehicle moves from concrete to sand, the surface traction is detected and the tire pressure is automatically reduced. Once the vehicle returns to hard pavement, the tire pressure is increased. Another key principle of the Intelligent Mobility program is modularity. Modular gear include locomotion, sensing and mission peripherals. Plug and play running gear includes wheels, legs, or tracks. A prototype platform has been developed that allows the interchangeability of any type of running gear by simply disconnected one form and replacing it with another based on the mission or operating environment.
Conclusion
TARDEC has developed a proactive integration plan to speed the maturity of ground robotics technology and incrementally introduce automation technologies into the Army ground vehicle fleet. This evolutionary process is founded on four pillars: Technology Development, Smart Manned Systems, Commercial Intelligent Vehicles and Intelligent Mobility. The programs highlighted in this paper tackle near, mid and far term challenges and are consistent with the total Army Vision and the timeline for Future Combat Systems. Unmanned vehicle technology has already proven its immense benefits and it is certain that as we remove the soldier from harm's way, we will continue to explore more opportunities, face new challenges, and invent new paradigms, both for military and commercial application, for ground robotics.
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